Introduction
Rhodium is used in automobile catalytic converters to remove harmful gases, such as nitric oxide (NO), from the exhaust. [1] [2] [3] [4] [5] The mechanism of NO reduction by Rh has been studied for many years using gas-phase clusters. Their use is advantageous for understanding the behavior of N and O atoms at the atomic and molecular level, since the number of Rh, N, and O atoms involved in the reaction is well defined. [6] [7] [8] [9] [10] [11] For instance, Mackenzie et al. investigated the reduction of NO on rhodium clusters by single collision reactivity experiments performed by Fourier transform mass spectrometry in the gas phase. The experiments suggested that the first NO molecule predominantly adsorbs dissociatively on Rhn + clusters (n < 17). When a second NO molecule is adsorbed, N2 was found to desorb, leaving behind O atoms. Although several NO molecules can consecutively be adsorbed and reduced on Rhn + , the clusters exhibit a limited NO reduction ability. For Rh6 + , four NO molecules can be reduced yielding N2 before the remaining oxygen atoms disrupt NO reduction; further NO molecules only adsorb onto Rh6O4 + clusters. [6] [7] [8] [9] Harding et al. calculated the geometrical structures of stable Rh6O1-4 + clusters and studied the adsorption form of NO on Rh6O4 + using density functional theory (DFT). 12, 13 The calculations suggest that stable clusters have an octahedral tetragonal bipyramidal (octahedral) or capped-square pyramidal structure. Based on optimized geometrical structures, the dissociation pathways of NO on Rh6O4 + were calculated, showing that at least three distinct pathways are possible. However, they are all unlikely due to the high internal energy of reactants required and the existence of a high reaction barrier. To verify the reaction mechanism, the geometrical structure of stable Rh6O4 + needs to be experimentally determined. 12, 13 In our previous study, the geometrical structures of In the present study, we investigated Rh6O3-10 + clusters using infrared multiple photon dissociation (IRMPD) spectroscopy and determined their geometrical structures by comparison to the results of DFT calculations, a proven method for structure determination of clusters. [15] [16] [17] [18] [19] According to our previous study, the release of one oxygen molecule from Rh6Om + is endothermic, with the required energy depending on stoichiometry: ~2 eV for m ≤ 6, 1.0-1.5 eV for m = 7,8,9, and less than 0.5 eV for m ≥
10.
14 As typical molecular vibrations of Rh6Om + are found around 800 cm −1 (0.1 eV), the absorption of at least several photons is required to induce dissociation for any Rh6Om species. Although previous reports suggest that it is possible to sequentially absorb multiple photons using an intense FELIX fluence, 20,21 the number of absorbed photons is limited, reducing the probability for clusters with m ≤ 6 to release O2 using FELIX. In our current study, we have not observed dissociation of Rh6O6 + in the 300−1000 cm 
Experimental methods
The geometrical structures of rhodium oxide cluster ions, Rh6Om + (m = 4, 5, 6),
were investigated via IRMPD spectroscopy using a molecular beam instrument 15 coupled to the free electron laser for infrared experiments (FELIX). 22 Gas-phase RhnOm + cluster ions were prepared by pulsed laser ablation of a rhodium metal rod at 10 Hz in a He carrier gas in the presence of O2. The metal rod (99.9%) was vaporized using the focused second harmonic of a Nd:YAG laser at a typical pulse energy of 25 mJ. Ablation took place in a 4-mm diameter cluster growth channel filled with He carrier gas seeded with 0.016% oxygen that was introduced through a pulsed valve at a total stagnation pressure of 0.7 MPa.
The formation of RhnOmArp + was accomplished by admixing 0.6% argon gas in the carrier gas and cooling the cluster source with liquid N2. The concentrations of oxygen and argon gases were tuned using mass flow and pressure controllers to maximize the number of clusters of interest. In addition, the partial pressures of oxygen and argon in the cluster source chamber were monitored by a residual gas analyzer.
The mixture of clusters and carrier gas was expanded in vacuum to form a molecular beam. The beam first passed through a 2 mm diameter skimmer to enter a differentially pumped vacuum chamber and was then shaped by a 1 mm diameter aperture to match the IR laser beam. The cluster beam was overlapped by a counter-propagating 2) to the total number of clusters Rh6O4 + Arp (p = 0, 1, 2) was calculated. The IRMPD intensity is then calculated as the ratio (R0 − R(ν))/R0, with R(ν) and R0 the branching ratios with and without irradiation, respectively. Both the depletion and IRMPD spectra were normalized on the IR macropulse energy. All IR frequencies were calibrated using a grating spectrometer. 
Computational methods
To determine the stable geometries of Rh6Om + (m = 3, 4, 5, 6) and simulate their vibrational spectra, DFT calculations were performed using the Gaussian09 program. 23 Becke's three-parameter hybrid density functional 24 Figure S1 ). This is confirmed by DFT calculations, predicting binding energies of 0.22 and 0.13 eV for a first and second Ar atom to Rh6O4 + , respectively (see Figure S2 ).
Results and discussion
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Other clusters
For larger Rh6Om + (m ≥ 6) clusters, we investigated the IR spectral properties without tagging Ar atoms. For these species, depletion spectra are shown in Figure 3 , which we display in columns based on an odd or even number of constituent oxygen atoms. The spectra can be divided in spectra that exhibit depletion (loss), those that exhibit growth (gain) and one that exhibits a mixture of the two. Evidently, Rh6Om + (m = 7 and 10) exhibits depleted ion intensities between 600−720 cm −1 due to photoabsorption, 
According to our previous study using thermal desorption spectrometry, the threshold energies for O2 molecule release were 1.2, 1.3, 1.4, and 0.5 eV for m = 7, 8, 9, and 10.
14 In addition, the dissociation energies obtained by DFT calculations were 1.9 eV for m = 6. Hence, dissociation was observed for structures with a dissociation energy as high as 1.3 eV under the present experimental conditions. This energy translates into a number of more than 10 absorbed photons. It is somewhat surprising that no depletion is observed for the Rh6O9 + cluster given the similarity of the observed thermal desorption energies; this will be discussed below.
It is of interest to note that all bands observed for Rh6Om + (m = 7, 8, 10) are close to the maximum of the IRMPD spectra for the Ar-tagged Rh6Om + (m = 4, 5, 6) clusters, but with a substantially larger spectral width. This is likely caused by the requirement to absorb more IR photons to overcome the desorption energy of O2 to the Rh6Om−2 + (m = 7, 8, 10) cluster than for desorption of Ar. 35 In the multiple photon absorption process, an IR photon is absorbed in a particular vibrational mode, followed by statistical re-distribution of the energy over all degrees of freedom of the cluster through intramolecular vibrational redistribution (IVR). After IVR, the previously excited vibrational mode can absorb another photon. Repeating this photoabsorption and IVR cycle leads to a gradual heating of the cluster. As a result, the resonance of the vibrational mode is redshifted due to the anharmonicity of the vibrational potential, causing broadening and red-shifting of the vibrational bands. 36 While this same picture is valid for the Ar-tagged species it is expected that broadening effects are more pronounced for O2 loss as the typical binding energy of Ar (0.2 eV) is much lower than that for O2 (1.0 eV).
In Figure 4 , the gain spectrum for Rh6O6 + is compared to calculated IR spectra for candidate structures for Rh6O8 + and the depletion spectrum of Rh6O10 + to candidate structures for Rh6O10 + . At first glance, it is directly clear that for all structures more IR bands are expected than the single one observed. For Rh6O8 + the most prominent discrepancy is the lack of any observed bands below 600 cm −1 . While unsatisfactory for a structural assignment, this could be rationalized by a sudden "cut-off" of the signal: to exceed the threshold energy for the desorption of O2 to occur, the number of absorbed photons required is inversely proportional to the frequency ν. Previously, a non-linear frequency dependence of the photon flux required for detection of thermionic emission by neutral Nb clusters upon resonant IR excitation was observed. 35 This resulted in an abrupt cut-off of IR bands below a certain threshold frequency. Under the current conditions, with a near-constant macropulse energy, it is conceivable that such excitation limitations could lead to a similar sudden frequency cut-off for observed desorption.
Given such limitations, the spectra for Rh6O7,8,10 + may not lead to a unique identification of geometrical structures, but some of them are worth discussing in bridging O atoms, which is similar to the geometries of Rh6O5 + and Rh6O6 + : As the number of O atoms increases, the oxygen atoms, adsorbed on the hollow sites of the prism in Rh6O5 + and Rh6O6 + , appear to migrate to the bridge sites. None of the spectra is sufficiently different to assign the experimental spectrum to a specific structure, but they are all at least consistent with the observation of no band at frequencies higher than 700 cm −1 .
For the IRMPD spectrum for Rh6O10 + shown in Figure 4 (e), the same spectrum as shown in Figure 3 (a), similar arguments can be made: a prominent band appears at 670 cm −1 , which has a tail to the lower wavenumber range. In addition, a broad but much weaker band appears between 800−920 cm −1 , which, as was discussed for the spectrum of Rh6O5 + -Ar, is evidence for the existence of a terminal O atom. The calculated stable geometries of Rh6O10 + with the vibrational spectra are shown in Figure 4 (f-h). The geometries of the stable isomers are similar with a Rh prism structure with nine bridging O atoms and one terminal oxygen atom. The similarity in the geometrical structures is reflected in the characteristic vibrational spectra comprising bands in 500, 650, and 920 cm −1 . Nevertheless, despite the presence of a terminal oxygen for the structure in Figure   4 (h), its calculated spectrum does not exhibit the characteristic Rh-O stretch mode at 920 cm −1 . This is because the R−O bond of the terminal oxygen is weak and elongated (1.77 Å for structure Figure 4 (h) versus 1.68 Å for the other two), so that the vibrational mode is red-shifted by ~180 cm −1 and is now part of the structure around 700 cm −1 . In analogy 14 to Rh6O8 + , it is difficult to draw conclusions about a structural assignment. While all structures predict bands near the 670 cm −1 band observed, the spectral resolution of the observed band is insufficient to eliminate certain candidate structures. What is more, while a broadening of bands such as observed for the 800−920 cm −1 feature, such a strong mismatch between predicted IR intensities and IR depletion makes it difficult to rule out structure 4(h) as carrier of the main intensity of the absorption spectrum. One only could speculate that the relative strength of the 670 cm −1 band is due to resonance effect of the presence of multiple vibrational bands. 36 12 In our calculations, those in Rh6Om + were found to have a capped pyramidal geometry for m = 4 and a prismatic geometry for m = 5 and 6, which are now confirmed by the current spectroscopic experiments. The change of geometry of the Rh framework at m = 4 reduces the number of triangular hollow sites, on which N atoms prefer to sit when NO adsorbs dissociatively, from eight to six, 38, 39 with only two triangular hollow sites available for Rh6O4 + . For Rh6O5 + , which has a prismatic structure, no sites are left. While evidence for dissociative or molecular adsorption of NO onto Rh6O4 + is still lacking, it is highly likely that the change of geometry at m = 4 is an important factor in preventing the reduction of two NO molecules over Rh6O4 + ; the further change for m = 5 and 6 certainly will prevent NO dissociative adsorption. We are currently investigating the nature of NO adsorption on Rh6O4 + .
Interpretation of the reactivity of Rh6Om + towards NO
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Conclusions
IRMPD spectra of Rh6Om + were obtained in the 300-1000 cm −1 spectral range. ■ ASSOCIATED CONTENT
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